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Abstract
In the next few years, the PS complex (Linac2-PS
Booster-PS) will accelerate again very intense proton
beams (for TOF, CNGS experiments). In the present
operational context, where the PS machines have been
converted to become a pre-injector for the LHC,
expected limitations to very high intensity acceleration
are presented.
1  PRELIMINARY REMARK
The limitations in energy and intensity refer to the
operational so-called SFT/CT (SPS Fixed Target /
Continuous Transfer) beam. This proton beam is
extracted over five consecutive turns from the PS ring at
14 GeV/c and transferred through the TT2-TT10 line to
fill the SPS in two pulses.
The constraints requested by the LHC beam, such as
high brilliance and tight transverse emittances, are not
hereby taken into consideration.
Since 1997, when the record intensity of 3.05 1013
particles per pulse (ppp) (at 14 GeV/c) was achieved, no
test of very high intensity has been performed on the
SFT/CT beam. In addition, the project of converting the
PS complex for the LHC has induced significant
upgrades in the operation of the PS machines so as to
meet the very demanding needs of the LHC.
Consequently, regarding intensity and energy
limitations, rather assumptions than quantitative results
are provided in the following paragraphs.
2   LINAC2
2.1 Intensity record in 1999
In September 1999, a new intensity record has been
made on the beam supplying ISOLDE (On-Line Isotope
Mass Separator). The Linac2 beam current delivered to
the PS Booster has increased from 170 mA (in 1997) to
175 mA and kept operational over several weeks.
Furthermore, a test beam for LHC of up to 182
mA has been observed but not optimised for operational
purposes.
2.2 Improvements
Even if the major improvements took place in 1996-
97, further optimisations have been carried out since
1997; in particular, the iterative re-optimisation of the
source parameters and the 2 solenoids between the
source and the RFQ (Radio Frequency Quadrupole)
where neutralisation is strong due to the hydrogen flow
from the source.
2.3 Identified limitations of  intensity
The Radio Frequency (RF) system is being operated at
its limit. In order to meet the LHC requirement of 180
mA at the PSB entry and allowing for 5% beam losses in
the transfer line, 190 mA have to be produced in the
Linac2. Adding up copper power, beam power for this
current and a margin for phase and amplitude control,
tuning precision and amplifier balancing, about 2.7 MW
per final RF amplifier will be needed, corresponding to
10% more than their design power.
At low energy, the beam is strongly space charge
dominated, leading to around 7% losses in the first tank.
Except replacing the tank, no optimisation is presently
foreseeable.
In addition, the space charge effects lower the
transmission efficiency from the last tank to the PSB
where around 5% of the beam is lost passing through the
bending magnets: these particles came outside the RF
bucket in the first tank and got a wrong energy.
Finally, the control of the beam energy spread (in
1999, V=70-80 keV, 'p/p=0.075%) is a crucial
parameter: the adaptation of the PSB parameters to a
new energy spread, in view of increasing the injection
efficiency, is not straightforward but requires a fine
optimisation.
2.4 Estimated top intensity on SFT/CT
The 50 MeV Linac, whose design beam current was
150 mA, is presently approaching its fundamental limits.
From simulations (in ideal conditions), the top intensity
the Linac2 should be able to provide at the PSB entrance
(based upon a 95% transmission) is 180 mA in stable
conditions. From 2000 on, this performance could
potentially be achieved for the SFT/CT beam, provided a
significant effort devoted to the adjustment of the
multiple parameters.
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 3  PS BOOSTER (PSB)
3.1 Intensity record in 1999 on ISOLDE beam
The PSB supplied routinely ISOLDE with an intensity
of 3.3 1013 ppp summed over the four rings. Thanks to
a careful adjustment of the PSB, an unprecedented
intensity of more than 4 1013 (record 4.1 1013) was
reached. Rings 1, 3 and 4 accelerated 950 1010 ppp
while ring 2 revealed an exceptional performance by
providing up to 1250 1010 ppp. The difference between
an ISOLDE beam and a SFT/CT beam is the bunch
splitting prior to extraction.
3.2 Improvements with respect to 1998
Since 1995, when the project of converting the PS
complex for LHC started, the PSB machine has been in
the process of being upgraded, leading to a new
operation scheme for SFT/CT: acceleration on RF
harmonic 1 (instead of former harmonic 5) up to the
extraction energy (raised from 1 to 1.4 GeV), bunch
splitting, sequential transfer of the 8 bunches (2 bunches
per ring) to fill the PS in one pulse.
A significant improvement has been the lowering of
the longitudinal coupling impedance of the PSB,
generated by resonances of the vacuum flanges [1].
During the first h=1 run in 1998, the operation suffered
from a total (integrated around the ring) longitudinal
coupling impedance of 1000 Ohms at 750 kHz, which
represents the RF frequency range at the beginning of
the cycle. After having short-circuited half of the flanges
during the 1998-99 shutdown, the impedance was
lowered to about 200 Ohms per ring, contributing to the
record intensity increase in September 1999. New RF
decoupling flanges will be introduced in the 1999-2000
machine shutdown to further reduce the impedance to 30
Ohms per ring.
The main advantages of the h=5 to h=1 transition are
the following [3]:
x Increase of the longitudinal acceptance
(proportional to (V
rf/h)) by a factor 1.8, allowing
to eliminate a long-standing bottleneck.
x Easier control of the bunching factor by the
double harmonic RF system, as the RF power is
not a limitation and the relative phase control has
been largely improved.
x Removal of the coupled bunch mode instabilities
(inexistant with a single bunch) and its complex
feedback system
x Reduction of the longitudinal space charge effect
(generating quadrupolar bunch-shape oscillations)
and suppression of the Hereward damping system
Finally, a promising tool, aiming at fighting harmful
space charge effects, has been successfully tested during
the last run. By deposition of an empty bucket (from the
C16 RF cavity) on the injected beam before capture an
hollow distribution in the longitudinal phase space is
obtained, permitting to increase the Bunching factor (flat
bunches). For the time being, this procedure needs
further consolidation to become operational.
3.3 Identified limitations of intensity
The space charge in PSB at low energy remains the
major bottleneck for an intensity increase. The induced
detuning sweeps the beam over stop-bands (mainly 3Qv
=16 and 2Qv =11) and drastically limits the injection
and low energy transmission efficiency (incoherent tune
shift larger than 0.5 at capture). This leads to a
systematic 20% of losses during the first 100
milliseconds.
Another constraint deals with the reduced
performance of outer rings (numbered 1 and 4), which
both suffer from a discrepancy in the quality of their
magnetic field  inherent to the asymmetrical structure of
the main magnet between inner and outer rings.  This
feature makes the dynamic compensation of stop-bands
more tricky to achieve on the outer rings, affecting the
overall PSB performance.
Furthermore, the 1999 operation highlighted a
restriction in the transverse acceptance of ring 3. The
beam emittance at injection fills the whole acceptance of
the vacuum chamber, resulting in an increase of losses.
A specific effort is being devoted to investigating the
origin of this unexplained behavior.
3.4 Estimated top intensity on SFT/CT
The beam production for SFT/CT imposes a
specific constraint with respect to the ISOLDE type
operation: an equal intensity must be delivered by
each of the four rings. Combining this intrinsic
condition with the recent performance achieved on
ISOLDE, a very approximate estimation outputs 3600
1010 ppp as the virtual peak intensity for SFT/CT
beam. Comparative parameters for ISOLDE and





 Ring 1  950  900
 Ring 2  1250  900
 Ring 3  950  900
 Ring 4  950  900
 Sum  4100  3600
Table 1: Individual and total intensity [1010 ppp]
Obviously, an operational margin has to be applied on







routinely provided in a reliable way: 3500 1010 ppp are
assumed to be a reasonable practicable limit.
3.5 Identified limitations of energy
Raising the PSB output energy from 1 to 1.4 GeV to
ease space charge in the PS implied an increase of the
PSB main dipole field by 26% to 0.87 T and of the
quadrupole gradient to ~5 T/m [4]. Thus, an upgraded
main power supply was put into service. However,
during the running-in period in 1998, saturation effects
were perceptible at 1.4 GeV which produced a 70 G field
difference between inner and outer Rings, resulting in a
20 mm variation of the mean radial position after
synchronisation with the PS machine. A trim power
supply was installed across outer rings in order to
equalise the bending field levels, thanks to the PSB
builders who foresaw this possibility by cabling properly
the different rings.
In view of a future increase of the PSB extraction
energy, the saturation effects of the main bending field
would act as a fundamental limitation, even if an
extensive analysis should be looked-up to evaluate the
actual margin.
 4  PS
4.1  Intensity record in 1999 on ISOLDE beam
Since the last intensity record in 1997 (3.115 1013 ppp
reached at transition), the PS operation scheme has
experienced drastic changes but no test of very intensity
has been performed. The average intensity delivered to
the SPS has been kept below 1.5 1013 ppp.
Besides the change of injection energy, the
acceleration is based upon new harmonics: the PS RF
cavities are tuned to h=8 so as to accommodate the 8
PSB bunches, instead of 20 bunches in the former
injection scheme (Fig. 1). These are then accelerated up
to 3.5 GeV/c where they are split to 16 bunches,
followed by acceleration on h=16 to 14 GeV/c. The
beam is debunched and then recaptured on h=420 by the
200 MHz cavities right before the extraction over 5
consecutive turns.
Fig.1. Former and current PSB-PS injection schemes
4.2 Improvements with respect to 1997
The unprecedented brightness requested by the LHC
beam results in a tune shift ('Q) which would become
unmanageable at 1 GeV. Raising the PS injection energy
to 1.4 GeV allows to lower 'Q from 0.3 to a more
comfortable 0.2. Moreover, the application of a
controlled longitudinal blow-up at PSB extraction has
proven to further reduce the tune shift.
During this Shutdown (1999-2000), the PSB-PS
transfer line is upgraded to become Pulse to Pulse
Modulated (PPM), providing each beam with a specific
tuning of steering and matching, fully independent of the
other circulating beams.
4.3 Identified bottlenecks for intensity
For the time being, the most fundamental limitation
deals with the devices involved in the five turn
extraction process, known as Continuous Transfer (CT).
The fast bumper dipoles (BFA) in sections 9 and 21,
as well as the splitting Electrostatic septum in section 31
are both operated close to their respective limits.
The BFA are used to gradually push the beam into the
electrostatic septum in order to ensure that one fifth of
the initial beam intensity is extracted at each turn.
For technical purposes, each BFA is composed of a pair
of dipoles, a "pedestal" dipole and a "staircase" dipole
which combine to generate a staircase-waveform kick.
Operational settings of power supplies for the BFA
and the ES during the 1997 run are compiled in the





 Pedestal  25  30
 Highest stair  38  40
 E. Septum  190  
Table 2: Operational settings and limits of CT equipment
Both "pedestal" and "dipole" systems are based upon a
25-year old electronics (connectors, cables and
thyratrons), exposed to a very high voltage. The present
components could reasonably not be retained in view of
a major improvement of the beam intensity, which
implies a larger beam size. To cancel this limitation, the
renewal of the electronics seems at first sight the most
natural cure. Nevertheless, a new scheme involving the
current fast kicker (KFA71-79) to enhance the BFA kick
on last turns could be thoroughly analysed.
The most critical element involved in the CT process
is obviously the electrostatic septum (ES). Originally
designed for a 10 GeV/c extraction, it was pushed, for a
couple of days during the very intensity tests in 1997, to
extreme operational conditions: 190 KV over a 26 mm
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gap. One should notice that the ES could not handle such
settings continuously over several weeks, even if no
absolute limit is formally defined.
As far as the very intensity is concerned, the splitting
process suffers from two drawbacks. First, the systematic
losses, due to the beam-septum interaction, intrinsically
limit the efficiency but also induce radiations harmful to
the equipment. Moreover, the accumulation of ions
(produced by interactions between the beam and the
residual gas) on the ES cathode is a major concern as it
provokes magnet sparkings. The more intense the proton
beam is, the more ions are produced, the more likely
sparkings become.
It is worth saying that the septum, in its current
design, is not suitable for an operational intensity flirting
with 3 1013ppp. If such a request exists, keeping the CT
principle, a study should be devoted to analysing a new
septum design, as potentially a wire septum which
benefits from a better protection against radiations and is
equipped with a "ion trap".
4.4 Potential limitations of intensity
This paragraph provides an overview of foreseeable
limitations inherent to the new operation scheme.
Even not observed in 1999 on the SFT/CT beam
because of the rather low intensity, instabilities are likely
to appear as the intensity is raised. The change of
harmonic has the drawback to increase the bunch length
by an amount of 20/8 with respect to 1997.
During the 1999 run, transverse instabilities occurred
at low energy on the LHC test beam and were cured by
linear coupling. Enhanced instabilities are anticipated on
the SFT/CT beam, because of its higher bunch intensity.
Nevertheless, SFT/CT presents a benefit compared to the
LHC beam: being injected in one single batch, it is
prevented from dwelling for 1.2 sec on the PS injection
flat-top and thus it should be less vulnerable to high
mode instabilities (m=6, observed last year on LHC).
 In the longitudinal plane, due to the change of the
frequency spectrum of the beam and the tuning
frequency of the accelerating cavities, a new mode of
coupled-bunch instability has appeared in the vicinity of
the 10th harmonic of the revolution frequency (i.e. n=2 or
6), on the LHC test beam [2]. A feedback damping
system has been implemented and successfully applied.
As far as the transition crossing is concerned, the
present operational conditions are worse than in 1997, as
bunches are more intense by a factor 20/16, given the
same total intensity. In 1997, thanks to a fine
optimisation, the transition process generated very few
losses (around 2 %) at 3.1 1013ppp.
One can anticipate the forthcoming difficulties if
bunch intensity is largely increased, by referring to the
experience gained in 1999 from the preliminary tests on
the Time Of Flight (TOF) beam. Beam brake up
instabilities have been observed on this single bunch
beam of 7 1012ppp.
According to the scope of the present paper (outlined
in Section 1), until now the beam size has not been a
criteria taken into consideration in the identification of
the sources of intensity limitations. Nevertheless, the
SPS injection efficiency strongly depends on the beam
transverse emittance, particularly in the vertical plane,
where the beam must fit into the small SPS dynamic
aperture.
Aiming at following the evolution of the emittances
through the PSB-PS acceleration chain, a measurement
campaign has been undertaken in November 1999 on the
SFT/CT beam.
Particular care has to be taken in the analysis of the
results (Fig. 2): as two different measurement technics
have been used ("Beamscope" device for PSB extraction
emittance, fast wire scanner for the PS injection and
extraction emittances), the absolute values of the data
can not be fully significant. On the contrary, of
particular relevance is the evolution of the emittance as a
function of intensity. Measurement has been performed
for an intensity varying from 1.2  to 2.6 1013ppp. Results
for 3 and 3.5 1013 ppp, extrapolated from actual data, are
also provided.
Figure 2: Vertical and horizontal normalised emittances
The measurement results highlight that the beam
emittances in both planes unavoidably increase
according to the intensity. Furthermore, one could
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expect a systematic blow-up of the emittance along its
transfer: from injection to extraction in the PS machine,
it is approximately estimated as 10% in the horizontal
plane and as 20% in the vertical plane (taking the PS
convention for naming the transverse planes, i.e.
forwards the emittance exchange insertion). Ways to
minimise as much as possible the amounts of mis-
steering and mismatch are under study, as it is an issue
of major importance for the small-sized LHC-type
beams.
4.5 Limitations for energy
From the viewpoint of the energy, the CT elements,
ie. the fast bumper dipoles (BFA) and the electrostatic
septum (ES), are very critical as there is roughly no
operational margin for increasing their respective
voltage. Thus, a CT extraction process above 14 GeV/c
would imply a complete review of the current scheme.
CONCLUSION
The operational changes of the PS machines so as to
meet the constraints of the LHC beam, probably turn out
to be advantageous – rather than detrimental – to the
quality of the SFT/CT beam. Unfortunately, no
experimental results so far could confirm this
assumption, in particular if much higher intensities, such
as foreseen by the CNGS project, are taken into
consideration.
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